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ABSTRACT

Influence of Limited Proteolysis, Heat Treatment, and pH
on the Whiteness of Skim Milk

by

Xiaoshan Li, Master of Science
Utah State University

Major Professor: Dr. Marie K. Walsh
Department: Nutrition and Food Sciences

Health consciousness drives people to drink skim milk. Yet, improving the bluewhite appearance and watery texture of skim milk is necessary to make consumers happy
with skim milk. In this study, the influence of limited proteolysis with soluble or
immobilized proteases, heat treatment, and pH on the whiteness of skim milk were
examined to meet this goal.
Limited proteolysis with milk-clotting enzymes increased the whiteness of skim
milk. The proteases porcine pepsin and chymosin were immobilized onto nonporous
ceramic, glass, and controlled pore glass (CPG) beads. The enzymes were coupled to
beads either directly or via crosslinker proteins. Pepsin, immobilized onto CPG beads via
crosslinker proteins, exhibited the best properties with respect to enzymatic activity,
stability, and whitening efficiency. The L value (whiteness) ofthis immobilized enzyme
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-treated skim milk was 79.5, which approached the whiteness of 1% fat milk.
Immobilized proteases whitened skim milk more effectively than did soluble proteases.
The whiteness of skim milk was determined at various temperatures from 4 to
90°C. The L value increased with increasing temperature throughout the range tested.
For samples not heated above 50°C, the increases in L values were completely reversible
on cooling. Partial reversibility was observed with samples heated at 70°C and above.
Milk whiteness was also determined at different pH values ranging from 5.0 to
8.2 at temperatures of 4, 20, and 30°C. The L value increased with decreasing pH and
increasing temperature. A maximum L value of 80.0 was obtained at pH 5.0 and 30°C,
which is higher than the L value of skim milk at its natural pH at room temperature.
The temperature-dependent dissociation of major caseins was investigated by size
exclusion chromatography at temperatures from 10 to 40°C. Free soluble

~-casein

and

K-

casein were found only at 10°C.

(81 pages)
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CHAPTER I
INTRODUCTION

Some consumers find the blue-white appearance and watery texture of skim milk
unacceptable. Addition of coloring agents and stabilizers, such as insoluble fiber,
cellulose gel, and annatto color, can improve skim milk's sensory qualities (Vafiadis
1995). However, the use of additives to skim milk may be adverse to some consumers
since milk is considered pure and unadulterated. Therefore, improving the sensory
properties of skim milk without addition of ingredients should increase consumer appeal.
Light scattering by fat globules and casein micelles directly influences the
whiteness of milk. The amount of scattering is a function of the number and size of
particles in solution. The most important changes that may affect scattering and/or
absorption of light in milk are fat content and the size of casein micelles. Factors which
cause these changes include: 1) homogenization, 2) heat treatment, 3) limited proteolysis,
4) pH change, 5) pressure, and 6) concentration of colloidal calcium phosphate (CCP). In
this study, we investigated the influence oflimited proteolysis, heat treatment, and pH on
the whiteness of skim milk.
Limited proteolysis whitens skim milk without causing aggregation since at least
80% of the K-casein has to be cleaved before coagulation occurs (Green et al. 1978;
Dalgleish 1979). The use of soluble milk clotting enzymes (Savello and Solorio 1994)
has been shown to increase the whiteness in skim milk.
By replacing the soluble enzyme with an immobilized form, it should be possible
to recover and reuse the enzymes. The use of immobilized enzymes also offers more
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control over the process. Many studies have been done on the continuous coagulation of
milk using immobilized enzymes (Cheryan et al. 1975; Taylor et al. 1977; Shah et al.
1995). Of the proteases investigated, pepsin displayed the best properties with respect to
activity, stability, and curd properties (Cheryan et al. 1975). Controlled pore glass (CPG)
resulted in a biocatalyst of higher activity than other support materials such as stainless
steel, iron oxide, and Teflon (Taylor et al. 1977).
In studies investigating the effect of heat on milk color, Burton (1955) showed
that when heating milk above 70°C an increase in milk whiteness was observed before
browning occurred. Burton attributed this increase in whiteness to the denaturation and
coagulation ofwhey proteins in milk. Walstra and Jenness (1984) also reported an
increase in milk color upon heating, but did not give an explanation for this phenomenon.
The fact that milk becomes whiter upon heating at temperatures below 70°C (Dunkerley

et al. 1993) suggests that the increase in whiteness at these temperatures may not be
caused by whey protein denaturation since the major whey proteins denature at
temperatures higher than 65°C.
Lowering the pH of milk dissolves the CCP resulting in a loss of caseins from
micelles and a decrease of the negative charge of casein micelles (van Hooydonk et al.
1986; Dalgleish and Law 1988). This may lead to changes associated with the colloidal
properties ofthe casein micelles, such as voluminosity and the dissociation of certain
caseins (van Hooydonk et al. 1986).

3
REFERENCES

BURTON, H. 1955. Color changes in heated and unheated milk. II. The whitening of
milk on heating. J. Dairy Res. 22, 74-81.
CHERYAN, M., VANWYK, P.J., OLSON, N.F. and RICHARDSON, T. 1975.
Continuous coagulation of milk using immobilized enzymes in a fluidized-bed
reactor. Biotechnol. Bioeng. 17, 585-598.
DALGLEISH, D.G. 1979. Proteolysis and aggregation of casein micelles treated with
immobilized or soluble chymosin. J. Dairy Res. 46, 653-661.
DALGLEISH, D. G. and LAW, A. J. R. 1988. pH-induced dissociation ofbovine casein
micelles. I. Analysis ofliberated caseins. J. Dairy Res. 55, 529-538.
DUNKERLEY, J. A., GANGULI, N.C. and ZADOW, J. G. 1993. Reversible changes in
the color of skim milk on heating suggest rapid reversible heat-induced changes in
casein micelle size. The Aust. J. Dairy Techno!. 48, 66-70.
GREEN, M.L., HOBBS, D.G., MORANT, S.V. and HILL, V.A. 1978. Intermicellar
relationships in rennet-treated separated milk. II. Process of gel assembly. J. Dairy
Res. 45, 413-422.
SAVELLO, P.A. and SOLORIO, H.A. 1994. Compositions and methods for
manufacturing a skim or lowfat milk product with increased creaminess, color,
mouthfeel, and taste sensations similar to milk with a higher fat content. U.S. Patent
5,368,869.
SHAH, B., KUMAR, S. R. and DEVI, S. 1995. Immobilized proteolytic enzymes on
resinous materials and their use in milk clotting. Process Biochem. 30, 63-68.
TAYLOR, M. J., CHERYAN, M., RICHARDSON, T. and OLSON, N. F. 1977. Pepsin
immobilized on inorganic supports for the continuous coagulation of skim milk.
Biotechnol. Bioeng. 19, 683-700.
VAN HOOYDONK, A. C. M., HAGEDOORN, H. G. and BOERRIGTER, I. J. 1986.
pH-induced physico-chemical changes of casein micelles in milk and their effect on
renneting. 1. Effect of acidification on physico-chemical properties. N eth. Milk
Dairy J. 40, 281-296.
WALSTRA, P. and JENNESS, R. 1984. Some properties. In Dairy Chemistry and
Physics, pp.162-210, John Wiley & Sons, Inc., New York.

4

V AFIADIS, D.K. 1995. Mimicking whole milk. Dairy Field. 178 (9), 73.

5

CHAPTER II
LITERATURE REVIEW

MILK COLOR

Milk is a colloidal emulsion of proteins and fat in an aqueous solution of lactose,
salts, and other components (Table 1). Light scattering by fat globules and casein
micelles causes milk to appear white. The amount of scattering depends on the number
and size of particles and the wavelength of the incident light. Walstra and Jenness (1984)
found that homogenization makes milk whiter due to the increased light scattering
capacity. Maximum light scattering occurs when the wavelength of light is near the same
magnitude as the particle (Goff and Hill 1993). Skim milk has a bluish color because
casein micelles are smaller than fat globules, and they thus scatter the shorter
wavelengths of blue far more than red. In addition, the fat is removed and fewer particles
are left to reflect light. Skim milk is a colloidal emulsion of casein micelles; thus, the
size and composition of casein micelles are primarily responsible for its lightness and
turbidity.
The color of milk can be determined using the Hunter L (whiteness), a (green to
red), and b (blue to yellow) values. Phillips et al. (1995a, 1995b; Phillips and Barbano
1997) investigated the influence of fat as well as fat substitutes on the sensory properties
and color of low fat milk. Milk was whiter, less blue, and less green with an increase in
fat content. The authors suggested that an effective fat substitute for use in fat-free milk
needs to change the appearance more than the tactile attributes ofthe milk. Various
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TABLE 1.
SIZE OF MAJOR MILK CONSTITUENTS
Constituent

Size (Diameter, nm)

Phase

Fat globules

2000-6000

colloidal suspension

Casein micelles

50-300

colloidal suspension

Whey protein

4-6

solution

Adapted from Swaisgood ( 1996).

ingredients were evaluated as fat substitutes in skim milk, including nonfat dry milk,
Simpless®, Litesse®, whey protein concentrate, sodium caseinate, Dairy Lo®, and titanium
dioxide. Only the addition of a blend of 0.5% sodium caseinate and 0.1% titanium
dioxide approached a whiteness close to 2% fat milk, but the milk containing the blend
was rated lower than the 2% fat milk due to visual hang up (a measure of how well milk
coats glass) and lack of creaminess and texture.
Continued work by Quinones eta!. (1997, 1998) on the color and sensory
properties of skim, 1%, 2%, and 3.3% fat milks with varying protein contents
demonstrated that an increased protein content made all milks whiter, less green, and less
blue. Change in protein content had a great effect on the color of skim milk, but resulted
in relatively smaller changes in 2% and 3.3% fat milks.
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FACTORS THAT INFLUENCE MICELLE SIZE
AND COMPOSITION

Casein micelles are spherical particles, ranging in diameter from about 30 nm to
larger than 600 nm with the mean value of about 200 nm (Dalgleish 1998). Casein
micelles contain four primary proteins,

Us 1-, Us 2-, ~-,and

K-casein, which are associated

with inorganic material termed colloidal calcium phosphate (CCP).
Several studies have examined the composition of casein micelles as a function of
micelle size. Compositional studies of casein micelles fractionated by permeation
chromatography on controlled porous glass at 30°C showed that there was a decrease in
Us-

and ~-caseins and a large increase inK-casein with decreasing micelle size (Donnelly

eta!. 1984). Work by Dalgleish eta!. (1989), who fractionated casein micelles by
centrifugation, demonstrated the expected increase inK-casein content, and balanced
decrease in

~-casein

content with decreasing micelle size, but the proportions of the

Us-

caseins were independent of micelle size.
The major forces responsible for the stability of the casein micelles are
hydrophobic and electrostatic interactions among proteins. Several factors may influence
the stability of casein micelles by interfering with these interactions, leading to the
dissociation or aggregation of the micelles, thus causing a change in micelle size which in
turn affects scattering and/or adsorption of light. These factors include 1) proteolysis by
milk clotting enzymes, 2) heat treatment, 3) pH change, 4) pressure, and 5) concentration
ofCCP.
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INFLUENCE OF LIMITED PROTEOLYSIS ON THE
WHITENESS OF SKIM MILK

Coagulation of Enzyme-Treated
Casein Micelles
It is well known that the enzymatic coagulation of milk is characterized by a
primary proteolytic step followed by aggregation of casein micelles. The primary phase
involves the enzymatic proteolysis of a specific Phe 105 -Met 106 bond in K-casein into the
hydrophobic para-K-casein and the hydrophilic glycomacropeptide (GMP). The second
phase involves the association of destabilized micelles into large aggregates. However,
proteolysis of a limited amount of K-casein molecules is not sufficient to trigger
aggregation. Electron microscopic and viscometric examination has shown that
aggregation does not start until the enzymatic reaction is about 86% complete (Green et

al. 1978). Dalgleish (1979) made a similar observation in that 86-90% of the K-casein had
to be cleaved before coagulation could occur, after which aggregation increased rapidly.
It is known that micelles of different sizes contain different proportions of
individual caseins (Donnelly eta!. 1984; Dalgleish et al. 1989). The effect of micelle
size on the rate of proteolysis of K-casein has been investigated. According to the
measurements of coagulation time on suspensions of micelles of different sizes, the
largest and smallest micelles showed longer clotting time than the medium size micelles
(Ekstrand et al. 1980). Ford and Grandison (1986) reported that the clotting time of
resuspended large micelles was slightly longer than that of small micelles. Dalgleish et
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al. (1981) found no significant differences in the clotting time with micelles of different
SIZe.

Milk Clotting Enzymes
Milk clotting enzymes include chymosin, pepsin, and microbial proteinases.
Much has been published on the proteolytic activity of these enzymes. Raymond et al.
(1973) determined the proteolytic activity of chymosin, bovine pepsin, and commercial
rennet using a hexapeptide as a reference. Chymosin displayed high clotting activity
(rapid attack on the Phe-Met bond) combined with low general proteolytic activity.
Shammet et al. (1992) studied the hydrolysis ofK-casein by chymosin and two microbial
proteases, Mucor miehei and Cryphonectria parasitica proteases, at pH 6.6. Microbial
enzymes, particularly from M miehei, showed extensive nonspecific hydrolysis of
K-casein. In contrast, chymosin was the only enzyme capable of cleaving K-casein
solely into para-K-casein and GMP at pH 6.6.
The proteolytic activity of acid proteases is strongly dependent on pH. Humme
(1972) suggested that the optimum pH for the attack of chymosin on K-casein was in the
pH range of 5.0-5.5, but in milk, chymosin appears to have a maximum activity at pH
6.0, and substantial activity remained at the natural pH of milk (van Hooydonk et al.
1986b). Porcine pepsin is relatively stable at acid pH, but rapidly denatures above pH 6. 7
(Carlson et al. 1986). Substantial activity losses of porcine pepsin occur above pH 6.0
(Mickelsen and Ernstrom 1972). Porcine pepsin has an optimum activity at pH 2.0 yet is
fairly active with respect to hydrolysis of K-casein even at pH 6.5 (Holmes et al. 1977).
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Influence of Micelle Aggregation on Micelle
Size and Skim Milk Whiteness
Studies on the enzymatic coagulation of milk have shown that the enzymatic
reaction is almost complete before aggregation starts, and that aggregation occurs before
the visible coagulation can be detected (Green et al. 1978; Chaplin and Green 1980).
Association of the modified casein micelles during the aggregation stage causes internal
rearrangement of particles (McMahon and Brown 1984), and eventually causes partial
fusion of micelles (Green et al. 1978), thus increasing the particle size. A number of
studies have monitored the change in size of casein micelles during milk coagulation
using different techniques. Examination of the aggregation of casein micelles by electron
microscopy revealed the average size of micelles increased, and large aggregates were
observed after rennet addition; this was more pronounced when the aggregates were large
enough to be detected visually (Green eta!. 1978). Home and Davidson (1990) observed
a lag period followed by an increase in particle size after rennet addition using dynamic
light-scattering. Results obtained from electron microscopic and viscometric studies
performed during the primary phase of rennet coagulation (Guthy et al. 1989) have
shown a decrease both in viscosity of skim milk and in average micelle diameters during
the first 6 min after rennet addition, after which the size distributions of micelles
increasingly shifted to larger diameters as the visual coagulation time was approached.
Savello and Solorio (1994) treated skim milk with milk clotting enzymes to hydrolyze a
limited amount of K-casein. This led to an increase in whiteness of skim milk.
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Enzyme Immobilization for Milk
Coagulation
Immobilized enzymes have been widely used in food industry because of a
number of advantages, including automation and continuous processing, precise control
over the extent of reaction, easy product recovery and purification, and greater
productivity of enzymes with lower cost due to reuse of enzymes (Swaisgood and Horton
1989). Extensive research has been performed on the use of immobilizing milk clotting
enzymes on solid supports to coagulate milk for cheese manufacture. The key factors
which influence the coagulation of milk with immobilized enzymes involve the selection
of a specific enzyme, support matrix, immobilization method, and wash buffer.
Various enzymes have been immobilized to coagulate milk. Of the many
proteases investigated, pepsin showed the best properties with respect to activity and
stability (Cheryan eta!. 1975; Ferrier eta!. 1972). Dalgleish (1979) observed that
chymosin, covalently immobilized via EDC, displayed the same proteolysis trend and
aggregation of casein micelles as did soluble chymosin, with the difference being the
amount ofpara-K-casein produced in the reaction was reduced by about 13% with the
immobilized enzyme. Mehaia and Cheryan (1983) also found that immobilized
chymosin reacted with about 10% less K-casein than did soluble chymosin. In contrast,
Beeby (1979) found that immobilized chymosin demonstrated proteolytic activity
towards casein micelles, but was unable to initiate coagulation in skim milk. Cheryan et

a!. (1975) found that gluataraldehyde-irnmobilized chymosin exhibited no activity.
Immobilization techniques are limited to those which have GRAS (generally
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granted as safe) status when used for food processing. They can be divided into two
categories: non-covalent adsorption and covalent crosslinking with glutaraldehyde.
Immobilization by adsorption is the simplest and most economical method, but studies
have shown that it is a poor method since extremely high enzyme leaching from the
matrix was observed (Cheryan et al. 1975). By far, the most common method of
immobilization is covalent attachment of the enzyme molecules to bi- or multifunctional
reagents, such as glutaraldehyde.
Various supports have been used to immobilize milk clotting enzymes. Major
considderations in the selection of support materials are 1) mechanical and chemical
stability; 2) ease of derivatizing functional groups; 3) compatibility with the target
molucule, including enzyme and substrate; and 4) matrix flow characteristic (Hemanson

et al. 1992). Porous supports have been more widely used since these materials possess a
much greater surface area per unit volume, thus allowing preparation of an immobilized
biocatalyst with high amounts of enzyme. For milk coagulation, a major matrix
consideration is that the pore size must be at least 200 run in diameter, large enough to
accommodate casen micelles. Nonporous materials can also be used since they can avoid
intraparticular limitations.
In studies of milk coagulation with immobilized enzymes, it is very important that
all of the soluble or detachable enzyme be removed from the support since a small
amount of enzyme desorption will eventually cause milk clotting, which may underlie the
evaluation of the material. Milk clotting enzymes show a strong tendency to adsorb to
many common supports (Carlson et al. 1986; Manji et al. 1988). Sodium chloride

13

solutions are widely used to remove noncovalently attached enzymes (Carlson et al.
1986). Salt solutions, however, are not effective in removing proteases from
hydrophobic supports (Beeby 1979). Simulated milk ultrafiltrate (SMUF) was used to
effectively remove free enzyme from pepsin immobilized CPG beads (Ferrier eta/. 1972;
Hicks et al. 1974). The high ionic strength of this solution may cause desorption of
physically adsorbed pepsin.
All the immobilized enzymes previously investigated are subject to loss of
activity during continuous exposure to skim milk. Cheryan eta/. (1975) suggested that
the inactivation was probably due to the accumulation of K-casein or GMP on the glass.
Taylor et al. (1979) made similar observations and found that accumulation of
nitrogenous materials and sialic acid (either a component of macropeptides or the Kcasein) paralleled the initial rapid decay of activity. The casein buildup on the glass may
be caused by the nature of the alkylamine glass. These supports have a net positive
charge due to excess amino groups arising from silanization and, consequently, bind the
negatively charged K-casein, and other milk proteins, creating steric and diffusional
barriers which reduce activity (Cheryan eta!. 1976; Taylor et al. 1979). Thus, precoating
the support materials with proteins prior to linking the enzymes can increase the catalyst
stability by decreasing the adsorption of milk proteins and casein fragments. Chery an et

al. (1976) found that all immobilized preparations in which glass was precoated with
proteins had a higher stability than those that did not have a protein coat.
Increases in stability of immobilized protease have been observed after treatment
with NaBI-4 (Cheryan et al. 1976; Taylor eta!. 1979), possibly due to a reduction of the
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more labile imino bonds between glutaraldehyde and the enzyme. However, treatment
with NaBH. would also reduce any disulfide bonds in the enzyme, resulting in
conformation changes and consequent loss in activity (Cheryan et al. 1976). The loss of
enzyme activity will depend partly on the immobilization method, but also on the support
materials, which influences enzyme desorption.

INFLUENCE OF TEMPERATURE ON THE
WHITENESS OF SKIM MILK

Heating milk causes a number of physical and chemical changes. In studies
investigating the effects of heat on the color of milk, Burton (1955) observed an
increased whiteness prior to browning when milk was heated above 70°C. He suggested
that the whitening was caused by denaturation and subsequent coagulation of the soluble
proteins in milk, which increased the numbers of optically opaque particles in the milk.
Rhim et al. (1988) determined the activation energy of the whitening reaction and found
it was nearly close to the activation energy for whey protein denaturation; therefore, the
authors stated that initial whitening was caused by the denaturation of heat-labile soluble
proteins, which is in agreement with Burton's (1955) conclusion. Walstra and Jenness
(1984) found that milk color initially becomes slightly whiter before browning during
heating (no heating temperature and time were reported). The browning is due to
Maillard reactions, but the cause of whitening is uncertain.
Electron microscopic examination of heated milk showed that the micelle size
increased with heat treatment, the effect being greater with higher temperature and higher
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pH (Creamer and Matheson 1980). Denatured whey proteins were associated with the
micellar surfaces when milk was heated from 110 to 130°C at pH values below 6.7. At
higher pH values, however,

dena~ed

whey proteins remained in the intermicellar fluid

as fine filaments (Creamer and Matheson 1980).
Heating milk at high temperatures causes dissociation of casein micelles and
subsequent formation of soluble casein. Soluble casein formed from heating
concentrated whey protein-free (WPF) milk at 135-140°C for 15 s contained about 50%
K-casein (Aoki et al. 1977). The amount of large casein micelles that sedimented at
3,000 x g and at 12,000 x g nearly doubled after heating; therefore, about half the large
casein micelles in the heated WPF milk was considered to be formed from the small
casein micelles which released soluble casein upon heating. Further studies by Aoki and
Kako (1983) showed that the amount of soluble casein formed in the heated concentrated
small micelle milk was 1.8 to 2.0 times as much as that present in the heated concentrated
large micelle milk when the concentrated milk was heated at 135 to 140°C for 15 s.
Heating reconstituted, concentrated skim milk at 120°C caused an increase in the
average size of the casein micelles and increased the proportion of protein in the large
micelle fraction from 20 to approximately 50% (Singh and Creamer 1991), while most of
the whey protein remained with the smaller casein micelles. Thus, denatured whey
proteins appeared not to be a part of the large caein micelles present in heated milk.
Saidi and Warthesen (1995) investigated the change in micelle size and whey
protein denaturation in whole milk heated at 80, 100 and l20°C. The micelles increased
in size after heating for 30 min at the three temperatures, with a more pronounced
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increase at l20°C. But longer heating times did not have a significant effect on micelle
size. Since complete denaturation of whey proteins occurred only after heat treatment at
80°C for 30 min, the authors suggested that an increase in micelle size was probably
independent of whey protein denaturation at higher heating temperatures.
Dunkerley et al. (1993) examined the changes in the color of skim milk with
heating in the temperature range of2 to 80°C for 30 min. They found that the a and b
values were not greatly affected by temperature, but the L value significantly increased
with increasing temperature. The increase in L value was completely reversible at
heating temperatures of 50°C or below and partially reversible above this temperature.
The authors suggested that the increased milk whiteness was due to the increased
voluminosity (volume of one gram water-bounded micelles) of casein micelles upon
heating, although Horne and Parker (1981) observed the voluminosity of casein micelles
decreased with the increased temperature. Since a-lactalbumin (a-LA)
lactoglobulin

(~-LG)

and~

denature at 65°C and 73 °C, respectively (Ruegg et al. 1977), the

increase in milk whiteness at temperatures less than 70°C may not be from by whey
protein denaturation.

INFLUENCE OF pH ON THE WHITENESS OF SKIM MILK

It is well known that during an alteration in the pH of the milk, particularly

acidification, considerable changes can occur in micellar composition, and hence in
micelle size. Dalgleish and Law ( 1988) investigated the dissociation of micelles in milk
acidified to pH values ranging from 4.9 to 6.7 at temperatures of 4, 20, and 30°C. The
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concentration of each casein dissociated from the micelles was a function of pH and
temperature, with

~-casein

being the most abundant form of dissociated casein under all

conditions. At a defined temperature, the proportions of a 52 - and K-casein liberated were
independent of pH, while the proportions of a 51 - and

~-casein

were variable.

A pH-induced increase in soluble casein was maximal at approximately pH 5.3
and 4 °C, but the effect was reduced in warmed milk (Rose 1968). According to Roefs et

a!. (1985), casein dissociated from the micelles to a maximum extent at pH 5.5 at 4°C, in
parallel with a swelling of the micelles. van Hooydonk eta!. (1986a) studied the pHinduced physical-chemical changes of casein micelles at 30°C. The casein dissociation
from the micelle was greatest around pH 5.6. The voluminosity of casein had a
maximum at about pH 5.3, which is similar to what Roefs eta!. (1985) reported, although
the two experiments were made at different temperatures (30°C in van Hooydonk' s study
and 4°C in Roefs' s study). Van Hooydonk et al. (1986a) suggested that the pH
dependent change in micelle dissociation and voluminosity was caused by the
solubilization of micellar calcium phosphate (MCP) and the decrease in the negative
charge of casein micelles.
Vreeman eta!. (1989) found that decreasing the pH value from 6.7 to 5.6 resulted
in a decrease in the number of smaller micelles, and an increase in the micelle porosity
due to the increasing amounts of soluble casein, but the average size of the particle did
not change. Wieczorek eta!. (1996) reported that increasing pH by adding sodium
hydroxide caused an increase in the average radius of casein micelles, especially when
the pH was higher than 7.3. An increase in the concentration of colloidal phosphate with
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NaOH (van Dijk 1991) could cause the formation of large aggregates and hence an
increase in particle size.

HYPOTHESIS AND OBJECTIVES

The whiteness of skim milk can be increased by limited proteolysis, heat
treatment, and alteration of pH.

1.

To determine the influence of limited proteolysis by soluble and immobilized
milk clotting enzymes on the whiteness of skim milk.

2

To determine the influence of heat treatment on the whiteness of skim milk.

3

To determine the influence of pH on the whiteness of skim milk.
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CHAPTER III
INFLUENCE OF LIMITED PROTEOLYSIS WITH IMMOIBLIZED OR SOLUBLE
ENZYMES ON THE WHITENESS OF SKIM MILK 1

ABSTRACT

Limited proteolysis by milk clotting enzymes increased the whiteness of skim
milk. Proteases, soluble and immobilized, were analyzed for their ability to increase the
whiteness of skim milk. Immobilized proteases produced a whiter skim milk than soluble
proteases produced. The proteases porcine pepsin and chymosin were immobilized onto
nonporous ceramic, glass, and controlled pore glass (CPG) beads. The enzymes were
coupled to beads either directly or via crosslinker proteins. Pepsin, immobilized onto
CPG beads via crosslinker proteins, exhibited the highest enzymatic activity, less enzyme
leaching, and produced a whiter skim milk. The L value of skim milk treat with
immobilized pepsin was 79.5, which approached the whiteness of 1% fat milk.

INTRODUCTION

Some consumers find the blue-white appearance and watery texture of skim milk
unacceptable. Addition of coloring and stabilizing agents such as insoluble fiber,
cellulose gel, and annatto color can improve the sensory qualities of skim milk (Vafiadis
1995); although, use of additives may be counterproductive to consumers because milk is
considered unadulterated. Consumer appeal may be most increased by improving the
1
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properties of skim milk without the addition of ingredients.
Limited proteolysis of K-casein using milk-clotting enzymes can whiten skim
milk without causing aggregation because at least 80% of the K-casein has to be cleaved
before coagulation occurs (Green et al. 1978; Dalgleish 1979). The use of soluble milk
clotting enzymes increases the whiteness of skim milk (Savello and Solorio 1994).
However, subsequent pasteurization of skim milk may not denature the added enzyme,
preventing milk coagulation and off-flavors in the final product. By replacing the soluble
enzyme with an immobilized form, it should be possible to circumvent this problem.
The specific objectives ofthe present study were 1) to develop an immobilized protease
to whiten skim milk, and 2) to compare soluble versus immobilized enzyme with
respect to skim milk whitening.

MATERIALS AND METHODS

Materials and Chemicals
Pasteurized skim milk was obtained from the Utah State University Dairy Plant
(Logan, UT). Proteases used included porcine pepsin (P-7000) (Sigma Chern. Co., St.
Louis, MO) and chymosin (Chymax Extra; 750 IMCU) (Chr. Hansen, Inc. , Milwaukee,
WI). Other reagents included 3-aminopropyltriethoxylsilane (APTS) (Acros, Geel,
Belgium); glutaraldehyde, 25%, Grade II, and methyl sulfoxide (Sigma Chern. Co., St.
Louis, MO); sodium borohydride (Fisher Scientific, Pittsburgh, P A); and whey protein
isolate (WPI) (Avonmore West, Twin Falls, ID). Support materials used included
nonporous ceramic, 1700-2100 microns (Coors, Golden, CO); nonporous glass, 710-1180
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microns (Sigma Chern. Co., St. Louis, MO); and controlled pore glass (CPG), 180-840
microns, 2191A average pore diameter (CPG, Inc., Lincoln Park, NJ).

Enzyme Immobilization
Three types of matrices were used, nonporous ceramic and glass beads, and
controlled-pore glass (CPG) beads. Acid-cleaned beads (2 g) were silanized with 3aminopropyltriethoxysilane according to Walsh and Swaisgood (1993). Aminopropyl
beads were activated using 2% (v/v) glutaraldehyde in 50 mM sodium phosphate buffer,
pH 6.5, and allowed to react at room temperature for 1 h on an orbital shaker. Excess
reagent was washed off with distilled water. Pepsin or chymosin was coupled to
activated beads either directly or using WPI as a crosslinkeFor direct immobilization, the
enzyme solution (2-3 mg protein/ml) was added to activated beads and allowed to react at
room temperature for 4 h on an orbital shaker. Beads were thoroughly washed with
simulated milk ultrafiltrate (SMUF) (Jenness and Koops 1962) to remove all traces of
free enzyme. For immobilization involving a crosslinker, a solution of 750 mg WPI in 25
ml 50 mM sodium phosphate buffer, pH 6.5, was mixed with the activated beads for 1 h
at room temperature. Excess protein was removed by washing with distilled water, and
the WPI -coated beads were reduced by the addition of 100 mg of sodium borohydride
(Cheryan et al. 1976). The reduced, WPI-coated beads were activated with 2%
glutaraldehyde as described above. After completely washing off excess glutaraldehyde,
enzyme solution (2-3 mg protein/mL) was added and allowed to react at room
temperature for 4 h. Sodium borohydride (100 mg) was added slowly to the enzymecoupling beads before thoroughly washing with SMUF buffer to remove free enzyme.
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Whitening Skim Milk with Proteases
The immobilized enzyme preparations, or biocatalyst, were housed in 2.5 x 10 em
glass columns. Approximately 25 ml pasteurized skim milk (including 0.02% sodium
azide ) was circulated through the fluidized-bed reactors via a peristaltic pump at room
temperature with the flow rate of 6 ml/min. Before the start of the experiment, the
biocatalyst was washed with 25 ml skim milk which was discarded. During the
experiments, 20 ml skim milk was collected at 10-min intervals for color determination,
then returned to the column after recording color measurement.
To whiten skim milk with soluble enzymes, different amounts of the soluble
enzymes (10 to 500 J..Lg) were added to skim milk and the change in L value over time, up
to 1 h, was measured. The concentration of protein in each enzyme preparation was
measured using the Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA).

Enzyme Activity and Color Measurements
Activities of immobilized and soluble enzyme were determined using a
fluorometric method (Molecular Probes, Inc., Eugene, OR). Rennin substrate (Molecular
Probes) stock solution (1 g substrate dissolved in 877 J..LL dimethyl sulfoxide), 12 f..LL, was
added to protease-immobilized glass beads in 3 ml 0.05 M sodium phosphate buffer (pH
6.0) in a cuvette. Activity was measured by monitoring the increase in fluorescence
signal at 490 nm for 7-8 min and reported as ilRFU/min/g beads. The concentration of
enzyme standards.
In order to monitor leaching of the enzyme from the matrix, the enzyme-treated
milk sample was collected and acidified with glacial acetic acid to coagulate the casein ·
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fraction. Whey, 0.5 ml, was collected from the sample and adjusted to pH 6.0 with 1 N
NaOH before determining the protease activity as described above. Whey from untreated
skim milk was used as a control.
Whiteness of enzyme-treated skim milk (20 ml) was measured at appropriate
intervals using a Hunter D25D2A color meter (Reston, VA).

Experiment Design and Statistical Analysis
Influence of Support Type, Enzyme Type on Immobilized Enzyme Activity.
A factorial design was used in this study. Three supports (ceramic, nonporous glass, and
CPG beads) and two enzymes (chymosin and pepsin) were chosen. Three experiments (n

= 3) were run at each of the six treatment conditions (three supports x two enzymes). The
data were analyzed by MANOVA (STATISTICA!Mac program; Stat Soft Inc., Tulsa,
OK) with support and enzyme as between-group factor. Results reported to be
statistically significant have P < 0.05 .
Influence oflmmobilization Method and Enzyme Type on Total Activity,
Desorbed Activity, and L Value of Skim Milk. A factorial design was used in this
study. Two immobilization methods (direct crosslinking and crosslinking and reducing)
and two enzymes (chymosin and pepsin) were chosen. Three experiments (n = 3) were
run at each of the four treatment conditions (two methods x two enzymes). The data were
analyzed by MANOV A with method and enzyme as the between-group factor. Results
reported to be statistically significant have P < 0.05.
Influence ofEnzyme Format and Type on L Value of Skim Milk. A factorial
design was used in this study. Two enzyme formats (immobilized and soluble) and two
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enzyme types (chymosin and pepsin) were chosen. Three experiments (n = 3) were run at
each of the four treatment conditions (two enzyme formats x two enzyme types). The
data were analyzed by MANOVA with enzyme format and enzyme type as betweengroup factor. Results reported to be statistically significant have P < 0.05 .

RESULTS AND DISCUSSION

Effect of Support and Enzyme on
Immobilized Enzyme Activity

Among the three support materials used in this study (nonporous ceramic and
glass beads, and CPG beads), only the CPG beads were judged to have sufficient total
immobilized activity to warrant continued studies (Tables 2 and 3). We believe this was
due to a much greater surface area per unit volume of the CPG which can bind more
protein compared to nonporous matrices. Native casein micelles are heterogeneous in
size and composition, with molecular weights in the range of 106 to 10 9 daltons and
diameters of20 to 600 nm (average of200 nrn). We used 200 nrn pore size CPG beads,
which should have accommodated the smaller casein micelles. To avoid pore diffusional
restrictions, nonporous beads were also tested and compared to CPG. These materials,
however, were of limited usefulness since their surface areas are several orders of
magnitude lower than those of CPG beads.
More active pepsin was immobilized on the beads than chymosin with the same
immobilization condition. This may have resulted from more pepsin immobilized on the
support, or pepsin was more active after immobilization. Cheryan eta!. (1975) found
that more pepsin was immobilized onto porous glass than chymosin using glutaraldehyde
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TABLE2.
POOLED MEAN IMMOBILIZED ACTIVITY WITH DIFFERENT SUPPORTS
AND ENZYMES
Mean Immobilized Activity
(~RFU/min/g

Main Effect and Grouping

beads x 100)

(P Value)
0.001

Support
Ceramic

1.3a

Nonporous glass

1.6a
40.3b

Controlled pore glass

0.001

Enzyme
Chymosin

5.6

Pepsin

23.4

Support x Enzyme
1

Significance

0.001

All samples were immobilized with direct crosslinking in this study.
Means bearing different superscript are different (P < 0.05).

a, b

TABLE 3.
EFFECT OF SUPPORT AND ENZYME ON IMMOBILIZED ENZYME ACTIVITY 1
Immobilized Activity
Surface Area

beads x 100)

(cm2/g beads)

Pepsin

Chymosin

Nonporous ceramic

17.6

1.8a

1.6a

Nonporous glass

23.8

2.2a

1.9a

70.3b

16.2c

Support Material

Controlled pore glass
1

(~RFU/min/g

9.8

X

104

All samples were immobilized with direct crosslinking in this study.
bearing different superscript are different (P < 0.05).

a, b, cMean
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for immobilization. These authors reported that immobilized pepsin exhibited sufficient
activity to coagulate milk, while chymosin exhibited minimal activity when immobilized.

Effect of Immobilization Method on Enzyme
Activity and Skim Milk Whiteness
Total immobilized activity was not affected (P = 0.2) by immobilization method,
but was affected (P < 0.05) by enzyme (Table 4). There was no interaction of
immobilization method and enzyme type on total activity. The amount of enzyme
leaching from the support is shown as the desorbed activity, which was a measurement of
the soluble enzyme in the treated milk. Desorbed activity was affected (P < 0.05) by
immobilization method, but was not affected (P < 0.05) by enzyme (Table 5). There was
no interaction of immobilization method and enzyme on desorbed activity. Enzyme
leaching was significantly high with direct crosslinking compared to teh WPI
crosslinking method, which suggests that most of the enzyme was not covalently
crosslinked to the support. A similar observation was made by Manji et al. (1988) who
reported that adsorption played a significant role in the immobilization of pepsin and
fungal proteases even when the support was treated with glutaraldehyde.
To evaluate the matrix fully, it is imperative that all of the soluble enzyme be
removed from the support because a small amount of desorption will eventually lead to
milk clotting. Milk clotting enzymes show a strong tendency to adsorb to many common
supports (Carson et al. 1986). SMUF has been used to effectively remove pepsin from
CPG beads (Ferrier et al. 1972; Hicks et al. 1974). This may be due to the high ionic
strength of this solution causing desorption of physically adsorbed pepsin.
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TABLE 4.
POOLED MEAN TOTAL ACTIVITY WITH DIFFERENT
IMMOBILIZATION METHODS AND ENZYMES
Mean Total Activity
(~RFU/min/g beads)

Significance
(P Value)

Direct crosslinking

0.45

0.20

Crosslinking with reducing

0.49

Main Effect and Grouping
Immobilization method

Enzyme
Chymosin

0.16

Pepsin

0.79

Immobilization x Enzyme
1

0.001

0.13

All experiments were done with CPG beads.

TABLE 5.
POOLED MEAN DESORBED ACTIVITY WITH DIFFERENT
IMMOBILIZATION METHODS AND ENZYMES

Main Effect and Grouping
Immobilization method

Mean Soluble Activity
( ~RFU/min/g beads)

Direct crosslinking

0.14

Crosslinking with reducing

0.03

Significance
(P Value)
0.001

Enzyme
Chymosin

0.07

Pepsin

0.10

Immobilization x Enzyme
1

All experiments were done with CPG beads.

0.10

0.06
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Unfortunately, in the present study, high soluble activity was found with direct
crosslinking, even when the catalyst was thoroughly washed with SMUF.
Crosslinking with WPI-coating, coupled with sodium borohydride reduction,
resulted in notably lower soluble activity, which indicates that more enzyme was
immobilized onto the support by covalent bonding instead of by adsorption. WPI-coating
may have decreased enzyme leaching from the support by making the support surface
more negative, thus decreasing the adsorption of milk proteins and casein fragments onto
the support (Cheryan eta!. 1976; Taylor eta!. 1979). Cheryan eta!. (1976) found that all
immobilized enzyme preparations in which glass was precoated with proteins had a
higher stability than those that did not have a protein coat. An increase in
zyme stability was observed after sodium borohydride treatment. Similar results have
been reported by Cheryan et al. (1976) and Taylor eta!. (1979), who attributed this to a
reduction of the more labile imino bonds between glutaraldehyde and the enzyme.
The maximum L value was affected (P< 0.05) by immobilization method and
enzyme (Table 6). There was an interaction (P < 0.05) of immobilization method and
enzyme on maximum L value. A high amount of enzyme leached from the matrix after
direct crosslinking, causing a rapid coagulation of milk and a lower L value as compared
to WPI-coating. The L value obtained with immobilized pepsin with WPI-coating was
similar to the L value of 1% fat milk (Table 7).

Effect of Soluble Enzyme on Skim
Milk Whiteness
Skim milk treated with soluble pepsin displayed a higher maximum L value than
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TABLE 6.
POOLED MEAN L VALUE OF SKIM MILK WITH DIFFERENT IMMOBILIZATION
METHODS AND ENZYMES
Mean Maximum

Significance

L Value

(P Value)

Main Effect and Grouping

0.001

Immobilization method
Direct crosslinking

78.2

Crosslinking with reducing

78 .9

Enzyme
Chymosin

77.8

Pepsin

79.2

0.001

0.02

Immobilization x Enzyme
1

All experiments were done with CPG beads.

TABLE 7.
EFFECT OF IMMOBILIZATION METHOD ON ENZYME ACTIVITY, DESORBED
ACTIVITY, AND WHITENESS OF SKIM MilK
Immobilization
Method

1

Direct

WPI-coated

1

Total Activity

Desorbed Activity

Maximum L

Enzyme

(6RFU/min/g beads)

(6RFU/min!g beads)

Value

Pepsin

70a

20a

78.3a

Chymosin

16b

12a

77.3b

Pepsin

80a

3b

79.5c

Chymosin

15b

3b

79.0d

All experiments were done with CPG beads.
The L value of skim milk and 1% fat milk are 76" and 79.2\ respectively at 25°C.
a, b, c,d Means within columns followed by no common superscript differ P < 0.05.
2

2
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did skim milk treated with soluble chymosin (Table 8). The maximum L value was
significantly affected by chymosin concentration but not affected by pepsin
concentration. Enzymatic aggregation of micelles begins before visible coagulation can
be detected (Green et al. 1978; Chaplin and Green 1980). An increase in the average
micelle size after enzyme addition was observed by Green et al. (1978) and Guthy et al.
(1989) using electron microscopy, and also by Home and Davidson (1990) using
dynamic light-scattering. The increase in micelle size may lead to an increase in the
whiteness of skim milk since the amount oflight scattering depends on the size of
particles in solution. As suggested by Green eta/. (1978) and Dalgleish (1979),
coagulation occurs after a minimum amount of K-casein has been cleaved. The L value
then decreased sharply as visible coagulation occurred.
Chymosin is similar to pepsin in size, composition, and action but is more stable
at neutral pH and more specific toward the Phe-Met bond inK-casein. It is possible that
chymosin cleaved K-casein faster than did pepsin, and the rapid coagulation resulted in a
lower maximum L value for chymosin-treated milk. There was a decrease in the L value
with an increase in chymosin concentration, but not with pepsin concentration, which
also implies chymosin had a high specific activity which resulted in casein micelle
coagulation.

Effect of Enzyme Format on Skim
Milk Whiteness

The maximum L value was affected (P < 0.05) by enzyme type and format (Table
9). There was no interaction of enzyme format and enzyme type on L value.
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TABLE 8.
WHITENESS OF SOLUBLE ENZYME TREATED SKIM MILK
Enzyme

Chymosin

Pepsin

1

1

Amount (Jlg)

Maximum L Value

10

77.6a

50

77.5a

100

77.2b

50

77.7c

200

77.8c

500

77.8c

L value of skim and 1% fat milk are 76.0d and 79.2e, respectively, at 25°C.
Means within columns followed by no common superscript differ P < 0.05.

a,b,c,

Immobilized enzymes produced a whiter skim milk than did soluble enzymes. This may
result from the accessibility of casein micelles to the immobilized enzyme. The diameters
of native casein micelles range between 20 to 600 nm with an average of 200 nm. Only
micelles with diameters of200 nm or less could have come in contact with the majority
of the CPG-immobilized enzym since the average pore size of this matrix is 200 nm.
Therefore, smaller micelles are selectively processed which shifts the size distribution to
larger diameters, leading to an increase in milk whiteness. In contrast, soluble enzyme
cleaves K-casein of both small and large micelles equally. The L value obtained with
immobilized pepsin with WPI-coating was similar to the L value of 1% fat milk (Table
10).
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TABLE 9.
POOLED MEAN L VALUE OF SKIM MILK WITH DIFFERENT ENZYME
TYPES AND FORMATS
Main Effect and Grouping

Mean L Value

Significance (P Value)
0.001

Enzyme type
Chymosin

78.2

Pepsin

78.6

Enzyme format
Soluble

77.6

Immobilized 1

79.2

0.001

0.49

Enzyme type x Enzyme format
1

Immobilized by WPI-coating.

TABLE 10.
COMPARISON OF SOLUBLE AND IMMOBILIZED ENZYME-TREATED MILK
Soluble
Enzyme

Pepsin

Chymosin

Immobilized 1
Pepsin

Chymosin

L value 2
1

Immobilized by WPI-coating.
L value of skim and 1% fat milk are 76.0e and 79.2c, respectively, at 25°C.
a,b,c,d Values sharing the same superscript are not different at P < 0.05.
2
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CHAPTER IV
INFLUENCE OF TEMPERATURE AND pH ON THE
WHITENESS OF SKIM MILK

ABSTRACT

The L value of skim milk was determined at various temperatures from 4 to 90°C.
The L value increased with increasing temperature throughout the range tested. For
samples not heated above 50°C, these increases were completely reversible on cooling.
Partial reversibility was observed with samples between 50 and 90°C. Milk whiteness
was also determined at different pH values ranging from 5.0 to 8.2 at temperatures of 4,
20, and 30°C. The L value increased with decreasing pH and increasing temperature.
The maximum L value was obtained at pH 5.0 and 30°C. The temperature-dependent
dissociation of major caseins was investigated by size exclusion chromatography. Free
soluble ~-casein and K-casein were found at 10°C.

INTRODUCTION

Heating milk above 70°C increases milk whiteness before browning occurs
(Burton 1955). The increase in whiteness was attributed to the denaturation and
coagulation of whey proteins. Walstra and Jenness (1984) also reported an increase in
milk color upon heating, but did not give an explanation for this phenomenon. The fact
that milk becomes whiter upon heating at temperatures below 70°C (Dunkerley et al.
1993) suggests that the increase in whiteness at these temperatures may not be caused by
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whey protein denaturation because the major whey proteins denature at temperatures
higher than 65°C.
It is known that casein, mainly P-casein, dissociates from casein micelles into the

serum fraction when milk is cooled (Rose 1968; Downey and Murphy 1970). This leads
to an increase in the level of serum casein.
Lowering the pH of milk dissolves the calcium colloidal phosphate (CCP) (van
Hooydonk et al. 1986; Dalgleish and Law 1988) and leads to changes associated with the
colloidal properties of the casein micelles, such as voluminosity and the dissociation of
certain caseins (van Hooydonk et al. 1986). Burton (1955) found an increased amount of
whitening with decreased pH. He suggested that the increased whitening was caused by
denaturation and subsequent coagulation of soluble proteins at low pH values.
This study was conducted to examine the effect of temperature and pH on the
whiteness of skim milk. We also measured the composition of serum proteins at selected
temperatures using size exclusion chromatography.

MATERIALS AND METHODS

Materials and Chemicals
Pasteurized skim milk was obtained from the Utah State University Dairy Plant
(Logan, UT).

Color Measurements of Heat or pH
Treated Skim Milk
The L value of heat or pH treated skim milk (20 ml) was measured using Hunter
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D25D2A color meter (Reston, VA).

Heat Treatment
Samples of skim milk (20 ml) were equilibrated in a water bath (antifreeze added
to water when cooled to l0°C or below) to a range of temperatures (4, 10, 20, 30, 40, 50,
60, 70, 80, and 90°C) for 30 min. Samples were quickly removed from the bath, and the
L value was measured. The same samples were then cooled to 4°C for 24 h, and the L
value was determined again.

Size Exclusion Chromatography
A macrosphere size exclusion column was obtained from Alltech Associates, Inc.
(Deerfield, IL). The Column dimension was 300 x 7.5 rnm. The column was packed
with controlled pore spherical silica (1 OOOA) . In order to separate the casein and serum
fractions, two columns were joined in series. Skim milk samples (1 00 f.ll) were
chromatographed with simulated milk ultrafiltrate (SMUF) (Jenness and Koops 1962) at
10, 15, 20°C (maintained by water jacket, Alltech Associates, IL) and at 30, 40°C
(maintained by coluinn heater, Bio-Rad, CA) at a flow rate of 0.5 ml I min.

Gel Electrophoresis
Gel electrophoresis was carried out on polyacrylamide gels by the method
described by Laemmli (1970) with 15% acrylamide. Gels were stained with Coomassie
Brilliant Blue and destained with methanol/acetic acid solution. Gels were analyzed on a
densitometer (Alpha Innotech Imager).
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pH Adjustment
pH values were adjusted by adding necessary amounts of 2M HCl or 2M NaOH
into 20 ml skim milk while monitoring with an ORION 520A pH-meter (Boston, MA)
Skim milk color then was measured at each pH value at temperatures of 4, 20, and 30°C
using a Hunter colorimeter.

Experimental Design and Statistical
Analysis
Influence ofTemperature on L Value of Skim Milk. A factorial design was
used in this study. The independent variable was temperature at ten levels (4, 10, 20, 30,
40, 50, 60, 70, 80, and 90°C). Dependent variables were L value of skim milk after 30
min atindividual temperatures and L value determined after storage at 4 o for 24 h for each
sample. Three experiments (n = 3) were run at each condition. The data were analyzed
by ANOVA. Results reported to be statistically significant have P < 0.05 .
Ifluence of pH on L Value of Skim Milk. A factorial design was used in this
study. Five pH values (5.0, 5.8, 6.6, 7.4, and 8.2) and three temperatures (4, 20, and
30°C) were chosen. Three experiments were pH values x three temperatures. The data
were analyzed by MANOV A with pH value and temperature as the between-group
factor. Results reported to be statistically significant have P < 0.05. A LSD test was
performed to determine if there were significant differences between pooled mean values.
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RESULTS AND DISCUSSION

Effect of Temperature on Skim
Milk Whiteness

The effect of temperature on the L value of skim milk is shown in Figure 1. A
significant increase in L value with increasing temperature was observed. There was a
heated sample to 4 oc overnight (Figure 1). At heating temperature of 50°C and below,
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A: L value determined after 30 min at temperature. B: L value determined after storage at 4° for
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Values sharing the same superscript are not significantly different
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rapid increase in L value from 10 to 40°C, then a steady increase from 40 to 90°C.
Reversibility of the change in L value induced by heating was examined by cooling the
the increase in L value was fully reversible. Partially reversible changes were observed
with sample heated to 60°C and above.

Protein Composition in Serum Phase at
Different Temperatures
Table 11 presents the proportion of individual caseins and major whey proteins
isolated from skim milk at different temperatures by size exclusion chromatography. ~Casein and K-casein were detected in the serum fraction only at 1ooc (Figure 2). ~Casein, 44.8%, and 51.0% of K-casein were found in the serum fraction at 1ooc
compared to corresponding casein in skim milk at room temperature. Downey and
Murphy (1970) investigated the temperature-dependent dissociation of ~-casein in skim
milk by high-speed centrifugation and gel-filtration and found no free ~-casein at 25°C.
This is similar to what we observed.

~-Casein

was mainly responsible for the increase of

total serum casein when cooling milk to 10°C, with K-casein also making a large
contribution.
The dissociation of ~-casein upon cooling may result from the weakening of
hydrophobic interaction at low temperatures (Davies and Law 1983). Column back
pressure did not allow us to measure samples less than 1ooc due to an increased viscosity
of the buffer solution. At 20°C and above, the major proteins in the serum fraction
consist of whey protein, which accounted for about 85% of the total protein. The values
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TABLE11.
PROPORTIONS OF CASEINS AND WHEY PROTEINS IN THE SERUM PHASE OF
SKIM MILK AT DIFFERENT TEMPERATURES
Isolated Serum Proteins

CCC)

Compmition

Unheated

(%:1

Skim Milk

10

15

20

30

40

a-casein

21.3

0

0

0

0

0

~-caseil

17.2

7.7

0

0

0

0

K-caseil

10.0

5.1

0

0

0

0

~-LG

17.8

32.0

48.2

51.3

51.4

51.1

a-LA

12.3

23 .0

27.3

32.8

32.9

33 .7

Others2

21.4

32.2

24.5

15.9

15.6

15.2

Total

100

100

100

100

100

100

Temperature

Values ~epresent percent of each serum milk protein as determined by densitometer scanning of
SDS-PAGE analysis.
2
0thers include immunoglobulins and unknown proteins.
1

show lirtle variation of whey protein concentration with the temperature in the range of

Factors That Lead to a Whiter Skim Milk
with Increasing Temperature

The color of skim milk became whiter as temperatures increased from 4 to 90°C.
Given that this color change is related to changes in casein micelle, it is possible that
there is more than one mechanism involved in terms of temperature effects. At low
temperatures (less than 20°C), micellar casein, particularly

~-casein,

undergoes certain
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FIGURE 2. SERUM PROTEINS AT VARIOUS TEMPERATURES.
Lane M, protein marker; LaneS, major casein and whey protein standards; Lane SM, unheated
skim milk; Lane 1, skim milk serum proteins at 10°C; Lane 2, skim milk serum proteins at 15°C;
Lane3, skim milk serum proteins at 20°C; Lane 4, skim milk serum proteins at 30°C; Lane 5,
skim milk serum proteins at 40°C (45 Jlg protein were loaded in all milk samples). A protein
band between 1}---LG and a-LA in Lane 3 may be due to the different milk samples.
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degrees of temperature-induced dissociation from the micelle as a result of weakening
hydrophobic interaction within micelles. This may influence light scattering, causing the
skim milk to be less white. When rewarming the milk to 20°C, soluble P-casein
reassociates with the micellar structure due to the reinforced hydrophobic interaction.
Milk color may, therefore, be influenced by the amount of P-casein in the micelle.
The increase in whiteness was completely reversible at heating temperatures of
50°C or below and partially reversible at 60°C and above. Dunkerley eta!. (1993)
determined changes in the color of skim milk over a temperature from 2 to 80°C. They
found the increase in L value was fully reversible for samples not heated above about
60°C. Since a-lactalbumin (a-LA) and P-lactoglobulin CP-LG) denature at 65°C and
73 °C, respectively (Ruegg eta!. 1977), the increase in milk whiteness at temperatures
less than 70°C may not be caused by whey protein denaturation. A possible explanation
is that the size of casein micelles increases on heating. This is in agreement with what
Dunkerley eta!. (1993) suggested since the color change would be more readily
reversible. Above 70 °C, color change may involve more denatured whey proteins
crosslinking with micelles.

Effect of pH on Skim Milk Whiteness
The L value of skim milk was affected (P < 0.05) by pH and temperature (Table
12). There was an interaction (P < 0.05) of pH and temperature on L value. It can be
seen that pH values less than the natural pH of milk (pH 6.7 at 25°C) and high
temperatures gave higher L values. Maximum whiteness was obtained at pH 5.0 and
30°C (Table 13). At 4°C, the L value did not change as much as at other temperatures
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TABLE 12.
POOLED MEAN L VALUE OF SKIM MILK AT DIFFERENT
pH VALUES AND TEMPERATURES
Main Effect and Grouping

Significance (P Value)

Mean L Value

0.001

pH

5.0

76.1 a

5.8

75.3b

6.6

75.2b

7.4

73.6c

8.2

71.4d
0.001

Temperature

4

71.7a

20

75.0b

30

76.2c
0.001

pH x Temperature
a,b,c, d

Means followed by no common superscript differ P < 0.05 .

TABLE 13.
L VALUE OF SKIM MILK AT DIFFERENT pH AND TEMPERATURE
pH
Temperature(°C)

5.0

5.8

6.6

7.4

8.2

4

71.5a

72.2 6

73.1 c

71.7a

70.0d

20

76.8e

76.2f

75.8g

74.3h

72.1 b

30

80.0i

77.4j

76.6e

74.6k

72.2b

a-k Means not sharing a common superscript differ P < 0.05 (LSD test). The L value of 1% fat
milk at 25°C is 79.2i.
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with a change in pH. This observation suggests that temperature play a more important
role on L value than does pH at 4 °C.
The pH-dependent color change of skim milk is not easily explained. Previous
studies have shown that lowering the pH of milk can cause solubilization of CCP (Van
Hooydonk et al. 1986; Dalgleish and Law 1988), which is mainly responsible for
maintaining the integrity ofthe casein micelle, resulting in dissociation of major caseins
into the serum phase. This dissociation would predict a decrease in the amount of
whiteness with lower pH. This is the reverse of what we observed. A possible
explanation is that solubilization of CCP may diminish interactions between the
submicelles, which could result in a loosening of micelle structure and subsequent
swelling of micelles. It was reported that voluminosity ofthe micelles increased when
decreasing pH from 6.2 to 5.3 (Tarodo de la Fuente and Alais 1974; Snoeren et al. 1984;
Van Hooydonk et a!. 1986), which may lead to higher L values. Voluminosity of casein
micelle may also increase with temperature (Dunkerley et al. 1993). This explains why
maximum L value was obtained at lower pH and higher temperature.
Another possibility is that pH-induced dissociation of casein micelles would
increase the number of submicelles, thus a rise in light reflectance. However, it is still
not sufficient to explain the increase in whiteness because loosening of the micelle results
from dissociation of P-casein at low temperature also occurs, which leads to a decreased
instead of an increased whiteness. Differences appear to exist between pH-induced
dissociation and temperature-induced dissociation, or there may be some other important
factors which also affect the whiteness of skim milk.
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Increasing the pH with NaOH made skim milk less white than was present at the
natural pH. Burton (1955) also reported a decreased amount ofwhitening with increased
pH. He suggested that the increased whitening was caused by denaturation and
subsequent coagulation of soluble proteins due to decreased pH. Since skim milk was
heated at 90°C, it is difficult to conclude that denaturation of soluble proteins is caused
by decreased pH or by heating. Wieczorek eta!. (1996) observed an increase in average
radius of the casein micelles with increased pH, which could be due to the formation of
aggregates at high pH. This increase in radius of the casein micelles with increased pH
does not support what we observed in our study.
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CHAPTER V
SUMMARY

Limited proteolysis with milk clotting enzymes increased the whiteness of skim
milk, which may result from an increase in the micelle size. The proteases porcine
pepsin and chymosin were immobilized onto nonporous ceramic, glass, and controlled
pore glass (CPG) beads. Among the three support materials, only the CPG beads
displayed sufficient enzymatic activity to warrant continued studies. The enzymes were
coupled to beads either directly or via crosslinker proteins. Pepsin, immobilized onto
CPG beads via crosslinker proteins, revealed the best properties with respect to
enzymatic activity, stability, and whitening efficiency. The L value (whiteness) of this
mmobilized enzyme-treated skim milk was 79.5, which approached the whiteness of 1%
fat milk. Immobilized proteases whitened skim milk more effectively than did soluble
proteases.
Whiteness of skim milk was determined at various temperatures from 4 to 90°C.
The L value increased with increasing temperature throughout the range tested. For
samples not heated above 50°C, these increases were completely reversible on cooling.
From 4 to 20°C, milk whiteness could be influenced by the amount of ~-casein in the
casein micelle. From 20 to 50°C, color change may be due to the swelling of micelle
upon heating. Partial reversibility was observed in samples when temperatures used were
between 50 and 70°C; the increasing whiteness in this range is possibly caused by the
denaturation of whey proteins. Above 70°C, the change in L value was not reversible
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upon cooling. This may involve the release of soluble casein and subsequent attachment
to the micelles.
Milk whiteness was also determined at different pH values ranging from 5.0 to
8.2 at temperatures of 4, 20, and 30°C. The L value increased with decreasing pH and
increasing temperature. Maximum L value of 80.0 was obtained at pH 5.0 and 30°C,
which is higher than the L value of 1% fat milk of natural pH at room temperature.
Decreasing the pH of skim milk dissolves the calcium colloidal phosphate and reduces
the binding of Ca to the casein micelle, which could result in a loosening of micelle and
subsequent swelling of micelles. This may lead to higher L values.
The temperature-dependent dissociation of major caseins was investigated by size
exclusion chromatography. Free soluble
At higher temperatures, soluble

~-casein

~-casein

and K-casein were found only at 10°C.

reassociates with the micellar structure due to

the reinforced hydrophobic interaction.
In summary, limited proteolysis with soluble or immobilized milk clotting
enzymes, heat treatment, and pH influence the whiteness of skim milk at 25°C. The
usefulness of these treatments at refrigeration (4 o C) temperatures has yet to be
determined.
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TABLE A-1.
EFFECT OF SUPPORT ON TOTAL ACIVITY

Source of Variance
Support

Degrees of

Sums of

Mean

Freedom

Squares

Square

F Value

P Value

2

1.21

0.60

1209.30

0.001

0.29

0.29

575.60

0.001

0.56

0.28

559.07

0.001

Enzyme
Support x Enzyme

2

TABLE A-2.
EFEECT OF IMMOBILIZATION METHOD ON TOTAL ACTIVITY
Degrees of

Sums of

Mean

Freedom

Squares

Square

F Value

P Value

Method

0.004

0.004

1.99

0.20

Enzyme

1.19

1.19

595 .80

0.001

0.006

0.006

2.92

0.13

Source of Variance

Method x Enzyme

TABLE A-3.
EFFECT OF IMMOBILIZATION METHOD ON DESORBED ACTIVITY
Degrees of

Sums of

Mean

Freedom

Squares

Square

F Value

P Value

Method

1

0.04

0.04

77.04

0.001

Enzyme

1

0.01

0.01

3.38

0.10

0.01

0.01

5.04

0.06

Source of Variance

Method x Enzyme
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TABLEA-4.
EFFECT OF IMMOBILIZATION METHOD ON L VALUE
Degrees of

Sums of

Mean

Freedom

Squares

Square

F Value

P Value

Method

1

4.06

4.06

361.00

0.001

Enzyme

1

1.05

1.05

93.44

0.001

0.15

0.15

13.44

0.02

Source of Variance

Method x Enzyme

TABLE A-5 .
EFFECT OF ENZYME FORMAT ON L VALUE
Degrees of

Sums of

Mean

Freedom

Squares

Square

F value

P value

Enzyme type

1

0.47

0.47

14.70

0.001

Enzyme format

1

8.88

8.88

275 .32

0.001

Type x format

1

0.02

0.02

0.49

0.49

Source of Variance

TABLE A-6.
EFFECT OF pH ON L VALUE
Degrees of

Sums of

Mean

Freedom

Squares

Square

F value

P value

pH

4

122.54

30.63

2933 .25

0.001

Temperature

2

160.92

80.46

7703.77

0.001

pH x Temperature

8

38.06

4.76

455.55

0.001

Source of Variance
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APPENDIXB
THERMAL STABILITY OF ACID PROTEASES USED
TO WHITEN SKIM MILK 1
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Milk is a colloidal emulsion of proteins and fat in an aqueous solution of lactose,
salts, and other components. Milk whiteness is due mainly to light scattering by fat
globules. Skim milk contains approximately 0.5% fat; therefore, the size and
composition of casein micelles are primarily responsible for its lightness and turbidity.
Skim milk has a bluish color because casein micelles are smaller than fat globules; thus,
they scatter the shorter wavelengths of blue far more than of red (Goff & Hill. 1993).
Limited proteolysis with milk clotting enzymes whitens skim milk presumably by
increasing the size of casein micelles (Savello & Solorio. 1994). Residual enzyme
present in the milk after whitening must be inactivated to prevent coagulation.
Commercially available milk clotting enzymes differ with respect to source,
specificity, pH, and thermostability. All are acid proteinases that can cleave K-casein
resulting in the coagulation of milk. Chymosin (EC 3 .4.23 .4) is very specific for the PheMet bond in K-casein at the natural pH of milk (pH 6. 7). Recombinant chymosin is
available commercially from a variety of sources and has a maximum activity at 40°C.
Microbial proteases (E.C. 3.4.23.6) are generally more proteolytic than chymosin with
varying heat stability. These enzymes liberate more non-protein nitrogen from casein and
can cleave a- and

~-casein

as well as K-casein at the natural pH of milk. Acid proteases

from Endothia parasitica are more heat labile than those from Mucor miehei which are
characterized as thermostable.
The objectives of this research were to characterize milk clotting enzymes with

1

Coauthored by M. K. Walsh and X. Li.

61
respect to thermal inactivation in skim milk and skim milk whitening. This information
can be used to select heat labile enzymes to develop a process for the enzymatic
whitening of skim milk.

MATERIALS AND METHODS

Milk clotting enzymes
The milk clotting enzymes used in this study include; Thermolase® Triple Strength
and American® Veal Rennet SF100 (SKW Biosystems, Inc., Waukesha WI, USA); ChyMax Ultra® and Hannilase XL® (Chr. Hansen, Inc., Milwaukee WI, USA); Maxiren®,
Sure Curd®, and Fromase® (Gist-Brocades, Menomonee Falls WI, USA).

Enzyme activity measurements
Thermal inactivation of enzymes was measured using K-casein-agar tubes as
described in Holmes eta/. (1977) using 3 mm diameter x 11.5 em in length Wintrobe
tubes (Becton Dickinson, Franklin Lakes NJ, USA). Briefly, 600 mg K-casein (Sigma
Chemical Co., StLouis MS, USA) was dissolved in water (50 ml final volume)
containing 600 mg sodium acetate trihydrate, and the pH was adjusted to pH 5.9 with 0.1
N HCI. A separate solution of 6 g sodium acetate trihydrate, 800 mg bacto-agar (Defeo
Laboratories, Detroit MI) at pH 5.9 was brought to 90 ml with water and autoclaved for
10 min. Both solutions were adjusted to 75°C, mixed, and dispensed into Wintrobe
tubes. Wintrobe tubes were capped with parafilm and stored for no longer than 14 days
at 4°C.
Enzymes were diluted to 50 mM sodium acetate buffer, pH 5.2, or skim milk
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(fresh, pasteurized skim milk, USU Dairy Plant, Logan, UT, USA) for a final dilution
factor of 2 x 1o-4 • Aliquots ( 5 to 100 Ill) of the diluted enzyme solutions were added to
the K-casein-agar tubes and incubated at 37°C for 48 hours. The distance from the top of
the meniscus to the bottom of the white precipitate formed in the tubes was measured and
the difference from a control (equal volume of buffer or skim milk) was reported as
enzyme activity in mm. The recovery of enzyme activity in buffer vs skim milk was also
calculated. Results were analyzed using ANOVA.

Thermal inactivation of enzymes
All enzymes were diluted to single strength before further dilution (75 Ill of a 1/42
dilution) in 9 ml of skim milk. Enzyme treated skim milk was added to Wintrobe tubes
and incubated at various temperatures from 50°C to 68°C for 15 to 60 minutes in a water
bath. Aliquots of enzyme treated skim milk were removed every 5 min for residual
enzyme activity measurements using the K-casein agar Wintrobe tubes. Samples were
analyzed by ANOVA in duplicate, and each temperature was tested in triplicate.

Thermal inactivation calculations
The natural log of the percent activity left of the thermally treated enzymes was
graphed versus the time for each temperature and enzyme analyzed. The slope of these
lines, the k or D value, was calculated. The natural log of the k values at each
temperature versus liT (Kelvin) was used to calculate the activation energy (Ed) for
enzyme inactivation from the slope of the line (Ea/R). The R value used was 8.314 J/mol
K (Whitaker. 1996). The log of the D values was graphed versus the temperature, and
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the number of degrees required for the thermal inactivation curve to traverse one log
cycle was calculated and reported as the z value in degrees Celsius.

Whiteness of enzyme treated skim milk

Milk clotting enzymes were assayed for protein content with the Bio-Rad Protein
Assay Kit (Bio-Rad Labs, Hercules CA, USA). Skim milk, 20 ml, was equilibrated to
22°C before the addition of 50 Jlg of soluble enzyme. The increase in skim milk
whiteness was determined by an increase in L value using a Hunterlab D25D2A color
meter (Fairfax, VI, USA). The maximum L value was determined by measuring the
increase in L value over time, up to 2 hrs.

RESULTS AND DISCUSSION

Enzyme activity measurements

The activity of each of the enzymes diluted into skim milk and buffer was tested
prior to analyzing the thermal inactivation in skim milk to assess the applicability and
sensitivity ofthe diffusion tube method. This data is listed in Table B-1. The diffusion
tube method was capable of detecting enzyme activities as low as 0.6 milk clotting
units/mi. There were no significant (P < 0.05) differences between the activity as
measured in skim milk or buffer or between enzymes. · Therefore, we felt this assay was
sensitive to measure residual acid protease activity in skim milk.
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Table B-1. Activities of milk clotting enzymes.

Enzyme

ActivityT in Buffer

ActivityT in Skim

(rnrnl1 00 Ill)

Milk (rnrnl100 111)

Mean

SE

Mean

SE

Thermo lase®

28.3

0.3

30.0

0.6

Hannilase XL®

28.3

0.3

28.5

0.6

Sure Curd®

29.0

0.6

29.0

0.6

M axtren
. ®

30.3

0.3

29.3

0.3

Fromase®

30.0

1.1

30.0

0

American® Veal Rennet

28.7

0.7

30.0

0

Chy-Max Ultra®

29.3

0.7

30.7

0.3

t Activity was measured as distance migrated through K-casein diffusion tubes after 48

hours at 37°C.

Acid protease activity measurements are commonly performed either by
measuring enzyme activity with a synthetic, chromogenic peptide in buffers (Raymond et

al. 1973: Martinet al. 1980) or by measuring clot formation using a Formagraph
(McMahon & Brown. 1982). Since we wished to quantitate the residual acid protease
present in heated milk without prior separation of the enzyme from the casein substrate,
we found this K-casein agar tube method very effective.

Thermal inactivation of milk clotting enzymes
Tables B-2 lists the D values of the milk clotting enzymes in skim milk and Table
B-3 lists the thermal inactivation (Ed) and Z values for each of the enzymes tested. The
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graphs ofthe natural log of the percent activity left of the thermally treated enzymes
versus the heating time for each temperature were linear (Table B-2, r2 values).
Therefore, the thermal inactivation of these acid proteases were considered apparent firstorder reactions.
Thermolase® and Sure Curd® have D values that are significantly less than the
other enzymes tested while the proteases from !Yf miehei (Hannilase XL® and Fromase®)
were more thermal stable (Table B-2). The chymosins, Maxiren®, Chy-Max Ultra® and
American® Veal Rennet were intermediate with respect to thermostability. Maxiren® and
Chy-Max Ultra® are recombinantly produced and are chemically and functionally
identical to calf chymosin. American® Veal Rennet is a traditional veal rennet purified
from calf abomasum and contains a minimum of 92% chymosin and 88% bovine pepsin
(SKW Biosystems Technical Bulletin).
Temperature optimums for milk clotting enzymes have been previously reported,
yet limited information is available on the thermostability of milk clotting enzymes in
milk. For example Maxiren® has an optimum activity at 44°C in milk and is inactivated
at 55°C (Gist-Brocades Technical Bulletin). Hannilase XL® is inactivated in whey
pasteurized at 72-74°C for 15 seconds at pH of 5.6. Kinetic studies of milk clotting
enzymes in buffer using a synthetic peptide show that the optimum temperatures for
chymosin and M miehei protease are 49 and 63 °C, respectively (Martin eta!. 1980). The
heat stability of M miehei protease was determined in sodium acetate buffer, pH 4.7
using a synthetic peptide. When incubated for 30 min at 60°C, there was minimal loss in
activity (Venera eta!. 1997).
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Table B-2. Thermal inactivation of enzymes in skim milk. Thermal death values (D) for

each enzyme at the temperatures tested are given in minutes.

c

c

c

Enzymer

50

Thermo lase® a

19.41

5.52

3.2

SE

1.32

0.84

1.23

r2

0.95

0.83

0.97

Sure Curd® a

16.72

6.71

4.85

SE

1.64

0.56

0.28

r2

0.73

0.96

0.99

53
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60

c

62

c

64

c

Maxiren® b

13.39

7.19

3.51

SE

1.10

0.99

0.23

r2

0.92

0.93

0.97

19.45

13.21

6.02

SE

0.86

0.20

1.21

r2

0.98

0.99

0.80

American<&> Veal Rennetc

23.58

14.32

9.6 1

SE

1.73

0.65

0.13

r2

0.88

0.91

0.98

Hannilase XL ®ct

28.77

15.41

9.08

Chy-Max Ultra<&>

be

SE

0.59

0.93

0.71

r2

0.93

0.98

0.92

Fromase®ct

27.31

17.13

9.82

SE

1.10

1.35

0.24

r2

0.91

0.92

0.97

tvalues with the same superscript are not significantlydifferent at P < 0.05 within each
column.
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Table B-3. Thermal inactivation of enzymes in skim milk.

Enzyme

Ed (KJ)

Z value (C)

Thermo lase®

321.84

9.20

Sure Curd®

222.27

6.68

Maxiren®

312.68

9.85

Chy-Max Ultra®

273.63

8.95

American® Veal Rennet

209.86

7.21

Hannilase XL®

201.63

8.97

Fromase®

238.77

8.11

The rate of enzyme denaturation is temperature dependent as described in the
Arrhenius equation: kd = Ae·Ed!RT_ Where Ed is the activation energy for enzyme
inactivation, R is the ideal gas constant, and T is the absolute temperature. Values of Ed
are in the range of 170-400 kJ/gmol for most enzymes. Hannilase XL® had a low
inactivation energy, thus, is more heat labile, than Thermolase® which had a higher value.
The activation energies of inactivation (Ed) values in Table B-3 correlated well with the
D values calculated in Table B-2.

Skim Milk Whitening

The ability of milk clotting enzymes to whiten skim milk is listed in Table B-4. American®
Veal Rennet and Hannilase XL®significantly increased the whiteness of skim milk compared to
the other enzymes tested. Thermolase® and Sure Curd® are the most thermal labile of the
enzymes tested, but were ineffective at whitening skim milk. Chy-Max Ultra® and Maxiren®
ranked intermediate with respect to thermal lability and milk whitening.
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Table B-4. Influence of soluble proteases on the L value of skim milk.
Maximum

Increase in L

Enzymet

L valuet

value§

American® Veal Rennet

77.8

1.8a

Hanni lase XL®

77.7

1.7a

Chy-Max Ultra®

77.5

1.5b

Maxiren®

77.5

1.5b

Fromase®

77.3

1.3

Thermo lase®

77.2

1. 2 c, a

Sure Curd®

77.8

1d

b ,C

t pifiy micrograms of each enzyme was added to 20 rnl skim milk.
tL value of skim varied from 76 to 76.8. for skim milk. The L value of 1% milk is 79.2.
§Values with the same superscript are not significantly different at P < 0.05
within each column.

Limited and controlled hydrolysis of K-casein in skim milk can cause an increased
whiteness and decreased blueness. Preliminary investigations have shown that
pasteurization of enzyme-treated skim milk may not denature the added enzymes, which
is essential to prevent milk coagulation and off-flavors in the final whitened skim milk
product. Therefore, milk clotting enzymes were characterized with respect to thermal
stability and the ability to increase the whiteness of skim milk through limited
proteolysis. Thermolase®, and Sure Curd®were the most heat labile enzymes as
determined by D values, while Fromase® and Hannilase XL® were the most thermal
stable. American® Veal Rennet and Hannilase XL® increased the whiteness of skim
milk to a significantly greater extent than did the other enzymes tested . . Chy-Max Ultra®
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and Maxiren® ranked intermediate with respect to thermal stability and skim milk
whitening.
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